All relevant data are contained within the paper.

Introduction {#sec001}
============

Human adenoviruses (HAdV) are a family of small, non-enveloped viruses with linear double-stranded DNA genomes of \~35 kilobase pairs. The viral genome is sub-divided into regions termed early and late, depending on when their transcription commences. Early genes are expressed in the initial stages of the infection, and late genes are expressed only after viral genome has begun to replicate \[[@pone.0140124.ref001]\]. The primary function of viral early genes is to remodel the intracellular environment in order to prepare the cell for viral reproduction (*i*.*e*. induction of S-phase), activation of viral gene expression, and evasion of the host immune response. The late genes constitute primarily viral structural proteins. The first gene expressed upon viral infection is the immediate early gene called Early Region 1A (*E1A*). The HAdV5 *E1A* gene encodes for two major proteins of 289 and 243 residues (R) that are expressed immediately after infection. These proteins arise from differential splicing of the same transcript and differ only by the presence of an internal sequence of 46 amino acids in the larger protein. At a later point in infection, splicing produces three additional mRNA species, which encode for proteins of 217, 171 and 55 amino acids \[[@pone.0140124.ref002]--[@pone.0140124.ref004]\]. Sequence comparisons of the largest E1A proteins of several adenovirus serotypes identified four regions of sequence conservation, designated conserved regions (CR) 1, 2, 3 and 4 \[[@pone.0140124.ref005]--[@pone.0140124.ref009]\].

HAdV5 E1A is a potent transcriptional regulator, yet it lacks the ability to directly bind to DNA. To overcome this limitation, E1A uses specific DNA-bound transcription factors to recruit itself to chromatin \[[@pone.0140124.ref010]--[@pone.0140124.ref013]\]. This results in alteration of chromatin structure via recruitment of transcriptional co-regulators leading to changes in gene expression \[[@pone.0140124.ref005], [@pone.0140124.ref014]\]. In the context of infection, the primary driver of viral gene expression is E1A289R, whereas E1A243R is generally considered a repressor \[[@pone.0140124.ref012], [@pone.0140124.ref015], [@pone.0140124.ref016]\]. Moreover, E1A289R and E1A243R are capable of affecting host gene expression \[[@pone.0140124.ref005]\], indeed E1A243R has been shown to modulate \~10,000 cellular promoters during infection \[[@pone.0140124.ref017], [@pone.0140124.ref018]\]. E1A243R causes a global redistribution of transcription factors, alteration of host gene expression, and genome-wide changes in epigenetic markers on chromatin \[[@pone.0140124.ref017], [@pone.0140124.ref019], [@pone.0140124.ref020]\]. Despite the fact that E1A289R is a potent transcriptional activator, little is known about how it changes cellular transcription.

The CR3 domain of HAdV5 E1A289R consists of residues 139--204, containing a C4 zinc finger domain that likely forms a defined structure and several sub-regions that are required for proper transcriptional activation and promoter targeting \[[@pone.0140124.ref005]\]. Paradoxically, studies of transcriptional reprogramming by E1A have largely focused on the predominantly transcriptionally repressive \[[@pone.0140124.ref012], [@pone.0140124.ref016]\] 243R isoform \[[@pone.0140124.ref017]--[@pone.0140124.ref019]\]. However, the primary driver of cellular reprogramming carried out by HAdV5 is E1A289R \[[@pone.0140124.ref021]\]. Our work on the properties of E1A has shown that there is a large gap in our understanding of how the different isoforms of E1A function \[[@pone.0140124.ref005], [@pone.0140124.ref013], [@pone.0140124.ref022]\]. The lack of understanding of how E1A289R is able to reprogram the infected cell leaves a significant void in our comprehension of E1A as an oncogene, particularly regarding its ability to induce cellular transformation and de-differentiation. We have previously identified a novel mechanism by which E1A289R is able to tether itself to cellular promoters via the use of DNA-bound transcriptional repressors \[[@pone.0140124.ref012], [@pone.0140124.ref013]\]. Specifically, E1A289R, but not 243R, stabilizes the repressive factor(s) on chromatin and overrides transcriptional silencing by recruitment of transcriptional co-activators, inducing gene expression.

In the present study we re-evaluate the contributions of different E1A isoforms to viral infection in arrested human cells using modern molecular biology approaches. In order to better understand how the major E1A isoforms contribute to viral growth in arrested human cells, we set out to determine how viruses that express E1A243R (*dl*520) or E1A289R (*pm*975) compare to a virus expressing all E1A isoforms (*dl*309) in viral growth, gene expression, and viral DNA replication. Here we show that viruses expressing E1A289R (*dl*309 and *pm*975) grow considerably better and faster than a virus lacking this isoform (*dl*520). Indeed, *dl*520 was never able to grow to the same degree as *dl*309 or *pm*975, suggesting an incomplete capacity by E1A243R to support virus replication. Viruses expressing E1A289R are able to drive viral gene and protein expression more efficiently, and are able to replicate their genomes faster and to greater numbers. Surprisingly, despite very different kinetics of infection and gene expression, induction of viral DNA replication occurred at similar times regardless of the E1A isoform present. We have also observed that the induction of cell cycle regulated genes occurs earlier when E1A289R is present. Our study provides further insights into how the different isoforms of E1A contribute to the viral life cycle and provides a modern view of the early events in viral infection under conditions that mimic the natural target of the virus, which are growth arrested and terminally differentiated cells.

Materials and Methods {#sec002}
=====================

Antibodies {#sec003}
----------

Mouse monoclonal anti-E1A M73 and M58 antibodies were previously described \[[@pone.0140124.ref023]\] and were grown in-house and used as the hybridoma supernatant. Mouse monoclonal anti-72k DBP antibody was previously described \[[@pone.0140124.ref024]\] and was used at a dilution of 1:400 for western blot. Anti-Adenovirus type 5 (ab6982) antibody and anti-actin (ab3280) was purchased from Abcam and were used at the recommended dilutions. Secondary goat anti-mouse and goat anti-rabbit HRP-conjugated antibodies were purchased from Jackson Immunoresearch and were used at a dilution of 1:200,000. Note that the use of 4--12% Novex BOLT gels collapses post-translationally modified E1A species largely into bands corresponding to their respective sizes of 171, 243, and 289 residues, which we have consistently observed with both infection and transfection assays \[[@pone.0140124.ref012], [@pone.0140124.ref013], [@pone.0140124.ref016], [@pone.0140124.ref022]\].

Cell and virus culture {#sec004}
----------------------

IMR-90 cells (ATCC\# CCL-186) were grown in Dulbecco's Modified Eagle's Medium (HyClone) supplemented with 10% fetal bovine serum (Invitrogen), streptomycin and penicillin (HyClone). To arrest IMR-90 cells, cells were grown to 100% confluence, and then incubated for an additional 72 hours to allow for complete growth arrest. All virus infections were carried out in serum-free media for 1 hour. Prior to infection, conditioned media from arrested IMR-90 cells was saved and was replaced back onto the cells after 1 hour incubation with the virus. All viruses used were grown in-house and were used at a multiplicity of infection (m.o.i.) of 5 for *dl*309, and 10 for *dl*520 and *pm*975. MG-132 (Sigma) was applied to cells at a final concentration of 10μM 4 hours prior to the indicated harvest time without changing the media.

EdU incorporation assay {#sec005}
-----------------------

IMR-90 cells were grown until 100% confluent on LabTek II 4-chamber slides (Thermo-Fisher). After becoming fully confluent, cells were incubated for a further 72 hours to achieve growth arrest. Infections were carried out as described above with m.o.i. of 5 for *dl*309, and m.o.i. of 10 for *dl*520 and *pm*975. One hour prior to fixation, cells were pulsed with EdU for 1 hour as per manufacturer's specifications using the Click-It EdU labeling kit for microscopy (Life Technologies). After EdU labeling, cells were fixed in 3.7% formaldehyde, stained for EdU using the Click-It kit with AlexaFluor 488, and labelled for E1A using M73 monoclonal antibody and AlexaFluor-594 conjugated secondary antibody (Jackson Immunoresearch). Cells were visualized using LSM700 laser confocal microscope and ZEN software suite. Quantification was carried out using ImageJ software.

Real-time gene expression analysis {#sec006}
----------------------------------

IMR-90 cells were infected with *dl*309, *dl*520, or *pm*975 at a variable m.o.i. to ensure equal E1A expression and at 8, 16, 24, and 72 hours after infections total cellular RNA was extracted using the TRIzol Reagent (Sigma) according to manufacturer's instructions. 1.25 micrograms of total RNA was used in reverse-transcriptase reaction using SuperScript VILO reverse transcriptase (Invitrogen) according to the manufacturer's guidelines using random hexanucleotides for priming. The cDNA was subsequently used for real-time expression analysis using the BioRad CFX96 real-time thermocycler. Fold changes in expression were determined by comparing expression levels of viral genes with *dl*309-infected cells at 24 hours after infection, while levels of cellular genes were compared to mock-infected cells. Analysis of expression data was carried out using the Pfaffl method \[[@pone.0140124.ref025]\] and was normalized to GAPDH levels. Primers used for *E1B*, *E2*, *E3*, *E4*, and *hexon* were previously described \[[@pone.0140124.ref026]\], and for *BLM*, *MCM4*, and *PCNA* in \[[@pone.0140124.ref013]\]. For detection of specific E1A splice isoforms the following primers were used: For 13S and 12S the forward primer was common binding in CR1: `TTTTGAACCACCTACCCTTC,` while the reverse primers were: 13S --`CCACAGGTCCTCATATAGCAAA,` and 12S --`GGAGTCACAGCTATCCGTACTACT;` for 11S and 10S the forward primer was common and the sequence is: `GATCGAAGAGCCCGAGCA,` while the reverse primers were the same as the reverse primers used for 13S and 12S, respectively. 9S splice product was detected with primers: `TGATCGAAGAGGTCCTGTGTCT and TCAGGATAGCAGGCGCCA`. Total E1A was detected with primers binding within exon 2, which is common to all E1A splice variants: `TCCGGTCCTTCTAACACACC and GGCGTTTACAGCTCAAGTCC`.

Viral genome quantification {#sec007}
---------------------------

IMR-90 cells were lysed in lysis buffer (50mM Tris pH 8.1, 10mM EDTA and 1% SDS) on ice for 10 minutes. Lysates were sonicated briefly in a Covaris M220 focused ultrasonicator to break-up cellular chromatin and subjected to digestion using Proteinase K (NEB) according to manufacturer's specifications. Following digestion viral DNA was purified using GeneJET PCR Purification Kit (Thermo-Fisher). PCR reactions were carried out using SYBR Select Master Mix for CFX (Applied Biosystems) according to manufacturer's directions using 2% of total purified DNA as template according to manufacturer's instructions using a CFX96 Real Time PCR instrument (BioRad). Standard curve for absolute quantification was generated by serially diluting pXC1 plasmid containing the left end of HAdV5 genome starting with a concentration of 1.0x10^7^ copies per reaction down to 1.0 copy per reaction. The primers used were the same as those used for expression analysis of *E1B* region, the annealing temperature used was 60°C and 40 cycles were run.

Virus growth assay {#sec008}
------------------

Arrested IMR-90 cells were infected with HAdV5 *dl*309 \[[@pone.0140124.ref027]\], *pm*975 \[[@pone.0140124.ref021]\], or *dl*520 \[[@pone.0140124.ref028]\] viruses, at a variable m.o.i. specified above. Virus was adsorbed for one hour at 37°C under 5% CO~2~, after which cells were bathed in conditioned media and were re-incubated at 37°C under 5% CO~2~. Virus titres were determined 24, 48, 72, 96 and 120 h after infection, and plaque assays were performed on 293 cells by serial dilution. Prior to harvest, images of cells were acquired using phase-contrast optics on a Fisher Micromaster microscope.

Results {#sec009}
=======

E1A isoforms affect virus replication {#sec010}
-------------------------------------

Our previous work has shown that HAdV5 expressing different E1A isoforms (289R, 243R, or all E1As) have different abilities to drive arrested IMR-90 cells into S-phase \[[@pone.0140124.ref013]\]. Interestingly, viruses that express E1A289R were able to drive cells into S-phase much more quickly than viruses expressing only E1A243R. To determine whether these observed differences in S-phase induction translated into growth differences, we undertook virus growth analysis in arrested IMR-90 cells ([Fig 1A](#pone.0140124.g001){ref-type="fig"}). Since we were interested in the contribution of E1A to virus growth, we used infection conditions during which E1A protein levels are equal between viruses expressing different E1A isoforms. To achieve equal levels of E1A, cells were infected at m.o.i. of 5 for *dl*309, and m.o.i. of 10 for *dl*520 and *pm*975. To ensure that equal levels of E1A proteins were expressed as compared to *dl*309, we determined E1A levels at 24 hours after infection by western blot using the M73 antibody and quantifying the respective E1A bands (inset [Fig 1A](#pone.0140124.g001){ref-type="fig"}). IMR-90 cells were arrested by contact inhibition for 72 hours and infected with *dl*309 (expressing all E1A isoforms), *dl*520 (expressing E1A243R and E1A171R), or *pm*975 (expressing E1A289R and E1A217R). Viral titres were determined by plaque assays every 24 hours after initial infection starting at 24 hours and ending at 120 hours ([Fig 1](#pone.0140124.g001){ref-type="fig"}). Although all viruses replicated in arrested IMR-90 cells, those expressing E1A289R replicated quicker and to significantly higher titres. Interestingly *pm*975, which expresses only E1A289R (and E1A217R), replicated to the highest level. HAdV5 *dl*520, which does not express any E1A isoforms that contain CR3, showed consistently lower titres than either *pm*975 or *dl*309.

![Virus growth and effects on cell morphology in arrested lung fibroblasts IMR-90.\
(A) IMR-90 cells were arrested by contact inhibition for three days. After which cells were infected with HAdV5 *dl*309, *dl*520, or *pm*975 for 1 hour in serum-free media. Media that was removed from the cells was saved and replaced after 1 hour. Virus titres were determined on 293 cells at the indicated time points. Inset shows E1A levels at 24 hours after infection. Error bars represent standard deviation (SD) of 4 replicate experiments. (B) Representative images of infected cells from A and mock-infected cells that were treated the same as infected cells, minus addition of virus. Images were taken prior to harvest of cells for titre determination and were taken at 100X magnification using phase-contrast optics.](pone.0140124.g001){#pone.0140124.g001}

To assess the phenotypic effects of viral infection on arrested IMR-90 cells we monitored the cytopathic effect (CPE) and cellular morphology during the infection ([Fig 1B](#pone.0140124.g001){ref-type="fig"}). Uninfected cells showed unaltered morphology during the course of the experiment. Cells infected with *dl*309 or *pm*975 showed phenotypic changes associated with CPE much sooner than *dl*520 infected cells, at approximately 72 hours after infection. CPE was not observed in *dl*520 cells until approximately 96 hours after infection. Complete CPE was observed only in *pm*975-infected cells at 120 hours, while *dl*309-infected cells showed almost complete CPE at this time point. Cells infected with *dl*520 displayed considerably delayed CPE and at 120 hours resembled those observed at 96 hours for *dl*309- or *pm*975-infected cells. These observations show that the different E1A isoforms contribute differentially to virus growth, leading to significant differences in viral titres. In particular, viruses that express E1A289R were found to replicate significantly faster as compared to *dl*520, which does not express E1A289R.

Viral genes are expressed differentially between viruses expressing different E1A isoforms {#sec011}
------------------------------------------------------------------------------------------

To further determine how the different E1A isoforms contribute to viral replication, we set out to determine how viral early and late genes were expressed, and the levels of early and late viral proteins during infection of arrested IMR-90 cells. RNA samples from arrested IMR-90 cells were collected at 8, 16, 24, and 72 hours after infection with *dl*309, *dl*520, or *pm*975 ([Fig 2](#pone.0140124.g002){ref-type="fig"}). Because the cells do not express any viral genes prior to infection, we compared the different infections and time points to *dl*309-infected IMR-90 cells at 24 hours after infection ([Fig 3](#pone.0140124.g003){ref-type="fig"}). This time point was selected because all viral transcripts were readily detectable by qRT-PCR.

![Expression of viral genes in arrested IMR-90 cells.\
IMR-90 cells were arrested by contact inhibition for three days. After which cells were infected with HAdV5 *dl*309, *dl*520, or *pm*975 for 1 hour in serum-free media. Media that was removed from the cells was saved and replaced after 1 hour. At the indicated time-points, total RNA was extracted using the TRIzol reagent and mRNA levels for the indicated genes were determined by qRT-PCR. GAPDH was used as a loading reference and viral gene expression was plotted with the levels detected for *dl*309-infected cells at 24 hours as a reference that was set to 1. Error bars represent SD of 4 biological replicates.](pone.0140124.g002){#pone.0140124.g002}

![Viral protein levels after infection of arrested IMR-90 cells.\
(A) IMR-90 cells were arrested by contact inhibition for three days. After which cells were infected with HAdV5 *dl*309, *dl*520, or *dl*975 for 1 hour in serum-free media. Media that was removed from the cells was saved and replaced after 1 hour. At the indicated time-points, cells were lysed and 20μg total cellular lysate was resolved by SDS-PAGE on Novex BOLT 4--12% gradient minigel. E1A was detected with a combination of M58 and M73 monoclonal antibodies and visualized using a secondary HRP-conjugated anti-mouse antibody (Jackson Immunoresearch). (B) Same as A except probed for the 72kDa E2 DNA-binding protein. Secondary HRP-conjugated anti-mouse antibody (Jackson Immunoresearch) was used for detection. (C) Same as A except probed with antibody recognizing viral structural proteins (Abcam). Secondary anti-rabbit HRP-conjugated antibody was used for detection (Jackson Immunoresearch). (D) Same as A except probed for cellular actin (Abcam) as a loading control. Secondary anti-rabbit HRP-conjugated antibody was used for detection (Jackson Immunoresearch).](pone.0140124.g003){#pone.0140124.g003}

E1A transcripts were readily detectable at 8 hours after infection in *dl*309 and *pm*975 infected cells, but were only slightly above background in *dl*520 infected cells. E1A mRNA levels continued to increase steadily for all viruses, however at different rates. *dl*520-infected cells expressed the lowest levels of E1A until 72 hours after infection when they reached levels comparable to those observed in *dl*309 infected cells. The levels of other viral mRNAs, including E1B, E2A, E3A, E4 orf6/7, and hexon, paralleled those observed for E1A, with *dl*309 and *pm*975 having generally higher levels than *dl*520-infected cells ([Fig 2](#pone.0140124.g002){ref-type="fig"}). These observations also correlate well with the observed overall growth results, with *dl*309 and *pm*975 replicating similarly, while *dl*520 replicated at a slower rate.

To determine whether viral mRNA levels correlated with viral protein levels, we also performed western blot analysis of infected cells at 24, 48, 72, 96, and 120 hours after infection ([Fig 3](#pone.0140124.g003){ref-type="fig"}). Overall, the mRNA levels were closely related to the level of viral proteins with a few exceptions. E1A mRNA levels continued to increase steadily throughout the course of the infection for all viruses ([Fig 2](#pone.0140124.g002){ref-type="fig"}), but E1A protein levels peaked early on in the infection, between 24 and 48 hours depending on the virus, followed by a steady decline. This was particularly apparent for the E1A289R isoform, in both *dl*309 and *pm*975-infected cells. In the case of *pm*975-infected cells, E1A was expressed at the highest level at 24 hours after infection, and was largely undetectable by 72 hours, while the levels of E1A mRNA continued to climb. Similarly, E1A289R was detectable only at 24 hours after infection of IMR-90 cells with *dl*309, and was not detectable later on in the infection. Interestingly, we have also observed a shift in E1A isoforms expressed, with E1A243R and E1A171R being the predominant isoforms 48 hours and later after infection with *dl*309.

Levels of other viral proteins examined (E2A DNA-binding protein (DBP) and viral structural proteins) correlated closely with their respective mRNAs ([Fig 3](#pone.0140124.g003){ref-type="fig"}). The levels of DBP and hexon were lower in *dl*520-infected cells as compared to those infected with *dl*309 or *pm*975 at a given time point. For example, DBP was only readily detectable in *dl*520-infected cells at 48 hours after infection, with only a faint band observed at 24 hours ([Fig 3B](#pone.0140124.g003){ref-type="fig"}). Similarly, structural proteins were not readily detectable in *dl*520-infected cells until 72 hours after infection. In fact, some late proteins (such as Proteins V and VII) were never detectable in *dl*520-infected cells by western blot. Together, these observations demonstrate significant differences in the rates of viral infection of arrested IMR-90 cells.

E1A isoform levels during the course of infection {#sec012}
-------------------------------------------------

Since we have observed that E1A289R protein levels drop precipitously after 24 hours of infection ([Fig 3A](#pone.0140124.g003){ref-type="fig"}) we wanted to determine whether this is due to the reduction of the 13S mRNA, translational effects, or enhanced protein degradation. To do this, we analyzed levels of each E1A mRNA during the course of infection in *dl*309-infected arrested human fibroblasts ([Fig 4](#pone.0140124.g004){ref-type="fig"}) using real-time primers specific for each E1A mRNA. Overall E1A levels continued to climb throughout the infection ([Fig 4A](#pone.0140124.g004){ref-type="fig"}, orange line), while levels of 12S and 13S mRNA ([Fig 4A](#pone.0140124.g004){ref-type="fig"}, purple and light blue, respectively) peaked 24 hours after infection and remained relatively steady until the end of the assay. Interestingly, levels of 12S mRNA were approximately 3-fold higher than 13S mRNA (5.2% vs. 1.5% of GAPDH levels) while levels of other E1A transcripts were negligible at 24 hours after infection. 48 hours after infection, levels of 12S and 13S mRNA remained similar to those at 24 hours after infection and stayed at this approximate level until the end of the assay. Interestingly, at 48 hours we observed an increase in 10S and 9S transcripts ([Fig 4A](#pone.0140124.g004){ref-type="fig"}). Indeed, these two transcripts represented the bulk of E1A expression 48 hours and onwards after infection, with the 10S transcript being the most abundant E1A transcript present during infection. The 11S mRNA remained low throughout the infection, staying at a level equal to or lower than 13S mRNA.

![E1A isoform splicing and protein levels in *dl*309-infected IMR-90 cells.\
(A) Contact-inhibited IMR-90 cells were infected with *dl*309 at an m.o.i. of 5, at the indicated time-points total RNA was extracted from the cells using the TRIzol reagent and mRNA levels for specific E1A splice isoforms were determined by qRT-PCR using primers designed to recognized only the targeted E1A splice variant. GAPDH was used as a loading reference. E1A mRNA levels are represented as fraction of GAPDH levels at the given time-point. Error bars represent SD of 4 biological replicates. (B) Arrested IMR-90 cells were infected with *dl*309 as in (A). Four hours prior to the indicated time-point cells were treated with 10μM MG-132 for 4 hours. Total protein was extracted and resolved on gradient SDS-PAGE. E1A was detected using M58 and M73 monoclonal antibodies. Actin was used as a loading control. Secondary anti-mouse HRP-conjugated antibody was used for detection.](pone.0140124.g004){#pone.0140124.g004}

The steady levels of 13S and 12S mRNAs during the infection suggest that the reduced protein level is due to either preferential translation of the smaller E1A mRNAs or due to specific degradation of the 289R and 243R E1A isoforms. To examine the latter possibility, we have used the proteasome inhibitor MG-132 \[[@pone.0140124.ref029]\] to see whether E1A289R and E1A243R levels can be restored ([Fig 4B](#pone.0140124.g004){ref-type="fig"}). MG-132 was applied to infected cells for 4 hours, 4 hours before the indicated time point and E1A levels were analyzed by western blot. MG-132 treatment restored the 289R protein up to 72 hours after infection and overall increased levels of the 243R protein, suggesting that degradation of the larger E1A isoforms was, at least, partly responsible for the reduced protein levels observed after 24 hours of infection. Interestingly, levels of 171R E1A were the highest and paralleled mRNA levels while E1A217R was not detected. Curiously, we have also observed a small, \~18kDa, species of E1A late in the infection ([Fig 4B](#pone.0140124.g004){ref-type="fig"}). It is unclear what this species is; since we have used the M58 and M73 antibodies for detection it cannot be the 55R product as this E1A protein lacks the epitopes for these two antibodies. However, it may represent a partial degradation product of larger E1A proteins.

Together, these results provide a clear picture of E1A mRNA levels during the course of viral infection of arrested human fibroblasts.

Viral DNA replication in the infected cell {#sec013}
------------------------------------------

In order to determine the contribution that E1A isoforms make to the kinetics of viral DNA replication, we assessed viral genome copy number in infected, arrested IMR-90 cells. Viral genomes were quantified at 8, 16, 24, 48, and 72 hours after infection as previously described \[[@pone.0140124.ref026]\]. Viral DNA replication was not observed until some time between 24 and 48 hours after infection ([Fig 5](#pone.0140124.g005){ref-type="fig"}). Surprisingly, all viruses entered this phase of the viral life cycle at similar time-points, although the number of viral genome copies differed, reflecting, perhaps, the efficiency of viral genome replication. This is considerably later than what has been previously observed in transformed cells \[[@pone.0140124.ref026], [@pone.0140124.ref030]\], but is consistent with reports in normal cells \[[@pone.0140124.ref031]\]. The number of genomes observed was steady at approximately 100 copies/cell up to 24 hours after infection, likely reflecting the initial virus input and the limitations of the assay to resolve small differences in initial genome load ([Fig 5](#pone.0140124.g005){ref-type="fig"}). At 48 hours after infection, there was a significant increase in genomes per cell, with *dl*309 and *dl*520 having approximately 500 genomes/cell, and *pm*975 having approximately 5,000 genomes/cell. Genome copy number increased at 72 hours to over 10,000 genomes/cell for *dl*309 and *pm*975, and about 3,000 for *dl*520. Collectively, these results show that all viruses enter the late phase of their replicative cycle between 24 and 48 hours after infection, but they differ significantly in the efficiency of viral DNA replication.

![Viral genome levels in infected IMR-90 cells.\
IMR-90 cells were arrested by contact inhibition for three days. After which cells were infected with HAdV5 *dl*309, *dl*520, or *pm*975 for 1 hour in serum-free media. Media that was removed from the cells was saved and replaced after 1 hour. At the indicated time points cells were harvested and genomes were quantified on per cell basis using qPCR for the viral E1B gene. pXC1 plasmid was used for standard curve generation and absolute copy number quantification. Error bars represent SD of 4 biological replicates.](pone.0140124.g005){#pone.0140124.g005}

Effects of E1A isoforms on cell cycle regulated gene expression and S-phase induction {#sec014}
-------------------------------------------------------------------------------------

Our previous work has shown that E1A289R alone is as efficient at driving arrested human fibroblasts into S-phase as viruses expressing all E1A isoforms, whereas cells infected with viruses expressing only E1A243R were not as capable \[[@pone.0140124.ref013]\]. Previously, we have also observed that induction of cell-cycle specific genes was the highest in *pm*975-infected cells, and the lowest in *dl*520-infected cells at 24 hours after infection. In order to obtain a clearer picture of deregulation of cell-cycle specific genes in infected cells, we analysed expression of three genes regulated by E2Fs \[[@pone.0140124.ref013], [@pone.0140124.ref032], [@pone.0140124.ref033]\] during the course of infection ([Fig 6A](#pone.0140124.g006){ref-type="fig"}). Expression of *PCNA* is not only E2F-regulated but has previously been shown to be upregulated by E1A \[[@pone.0140124.ref034]--[@pone.0140124.ref036]\]. Expression of *BLM*, *MCM4*, and *PCNA* was unaltered at 8 hours after infection as compared to mock-infected cells. At 16 hours after infection, BLM transcript levels increased slightly in *pm*975-infected cells, but not others, whereas PCNA mRNA was elevated for all infections. At 24 hours after infection, levels of all three transcripts were elevated in *dl*309 infected cells, and they continued to increase with the exception of PCNA mRNA, which was reduced at 72 hours after infection as compared to 24 hours. Interestingly, levels of PCNA mRNA were induced the least by *pm*975 infection at 24 hours. Overall, infection with *dl*309 induced expression of *BLM*, *MCM4*, and *PCNA* to levels higher than *dl*520 infection, and with the exception of *PCNA* to levels similar to those observed in *pm*975-infected cells. Analysis of S-phase induction by EdU incorporation assay ([Fig 6B](#pone.0140124.g006){ref-type="fig"}) showed differences in the ability of the specific viruses to drive cellular DNA replication. In particular, we observed that *dl*520, which lacks E1A289R, was deficient in S-phase induction as compared to *dl*309 or *pm*975, particularly at 16 hours after infection. In conclusion, all viruses were able to activate transcription of these cell cycle regulated genes, which was consistent with their ability to induce S-phase.

![Expression of cellular S-phase specific genes in infected IMR-90 cells.\
(A) IMR-90 cells were arrested by contact inhibition for three days. After which cells were infected with HAdV5 *dl*309, *dl*520, or *pm*975 for 1 hour in serum-free media. Media that was removed from the cells was saved and replaced after 1 hour. At the indicated time-points, total RNA was extracted using the TRIzol reagent and mRNA levels for the indicated genes were determined by qRT-PCR. GAPDH was used as a loading reference and mock-infected cells were used as a control and were set to 1. Error bars represent SD of 4 biological replicates. (B) IMR-90 cells were arrested by contact inhibition for three days. After which cells were infected with HAdV5 *dl*309, *dl*520, or *pm*975 for 1 hour in serum-free media. Media that was removed from the cells was saved and replaced after 1 hour. One hour prior to the indicated time point cells were pulsed with EdU for 1 hour, fixed at the indicated time point, and stained for EdU and E1A as described in the Materials and Methods. Data represents percentage of infected cells that were positive for EdU staining. Error bars represent SD of 5 biological replicates.](pone.0140124.g006){#pone.0140124.g006}

Discussion {#sec015}
==========

Human adenovirus expresses five different E1A mRNA species during the course of viral infection, with proteins of 289R, 243R, 217R, 171R, and 55R being present at some point during infection with HAdV5 \[[@pone.0140124.ref005]\]. Two of the primary functions of E1A during infection are activation of viral early gene expression and induction of cellular S-phase, which enable the viral genome to be efficiently replicated. The contribution of E1A289R to viral infection has not been thoroughly examined. Previous work \[[@pone.0140124.ref021], [@pone.0140124.ref030], [@pone.0140124.ref037], [@pone.0140124.ref038]\] comparing growth of viruses expressing all E1A isoforms versus those expressing only E1A289R or E1A243R showed some differences in how these viruses behave, however a comprehensive study on viral growth, gene expression, protein levels, and viral DNA replication in arrested human cells has not been carried out. Here we report an analysis of the kinetics of how viruses expressing all E1A isoforms (*dl*309), E1A289R (*pm*975), or E1A243R (*dl*520) replicate, express their genes and proteins, copy their DNA, and drive expression of select cell-cycle regulated genes in arrested lung fibroblasts.

All viruses replicated in arrested IMR-90 cells ([Fig 1](#pone.0140124.g001){ref-type="fig"}); however, *dl*520, lacking E1A289R or E1A217R, replicated slower than *dl*309 and *pm*975. On average, this virus trailed by about 24 hours in terms of viral titres ([Fig 1](#pone.0140124.g001){ref-type="fig"}), and viral gene ([Fig 2](#pone.0140124.g002){ref-type="fig"}) and protein expression ([Fig 3](#pone.0140124.g003){ref-type="fig"}). Furthermore, given sufficient time to drive cells to complete CPE, *dl*520 never achieved titers as high as those observed with *dl*309 or *pm*975 (data not shown), suggesting a fundamental inability of E1A243R to fully support viral replication. Surprisingly, *pm*975, expressing only E1A289R, replicated slightly faster than *dl*309 virus that expresses all E1A isoforms, with the last time-point showing convergence between *dl*309 and *pm*975. This result is somewhat different from previous reports \[[@pone.0140124.ref030]\]. Importantly, *pm*975 behaved similarly to *dl*309 in several metrics used to assess how the virus is performing, such as gene expression and induction of CPE (Figs [2](#pone.0140124.g002){ref-type="fig"}, [3](#pone.0140124.g003){ref-type="fig"} and [6](#pone.0140124.g006){ref-type="fig"}). Several factors may contribute to the observed differences in viral growth between the viruses studied. In earlier studies of viral replication kinetics, the goal was to compare the infection at identical m.o.i. across the different viruses, whereas we have used conditions that lead to the expression of similar E1A levels at 24 hours after infection (Figs [1](#pone.0140124.g001){ref-type="fig"} and [3A](#pone.0140124.g003){ref-type="fig"}) in order to compare E1A effects more directly. Even under these conditions, the m.o.i. that we have used was similar for all viruses. Furthermore, the use of WI-38 cells in earlier studies may contribute to the observed differences. Although both of these cell lines are derived from the same cell type and tissue \[[@pone.0140124.ref039], [@pone.0140124.ref040]\], they originate from different donors and therefore have different genetic backgrounds. Indeed, our examination of viral protein levels in arrested WI-38 cells showed reduced protein levels compared to IMR-90 cells (data not shown), indicating that even under identical infection conditions there are clear differences in how these cells support viral replication. Lastly, the lack of the E1A289R in *dl*520-infected cells will lead to reduced viral gene transactivation, as we have observed here and was previously reported \[[@pone.0140124.ref037], [@pone.0140124.ref038]\].

Examination of viral protein levels has shown some interesting and critical differences between viruses that express all E1A isoforms, and those expressing either E1A289R (*pm*975), or E1A243R (*dl*520) ([Fig 2](#pone.0140124.g002){ref-type="fig"}). E1A levels were similar between the different infections at 24 hours after infection (as expected since we optimized infection conditions for this purpose), but varied significantly across time and virus type. Levels of E1A289R dropped early in the infection, and E1A243R saw reduction after viral genome replication commenced (Figs [3](#pone.0140124.g003){ref-type="fig"} and [5](#pone.0140124.g005){ref-type="fig"}). Somewhat unexpectedly, we observed increasing levels of E1A171R (derived from the 10S mRNA) in *dl*309 and *dl*520 infected cells, whereas levels of E1A217R (derived from the 11S mRNA) were not detectable. Interestingly, the amount of E1A mRNA continued to climb throughout the course of infection (Figs [2](#pone.0140124.g002){ref-type="fig"} and [4](#pone.0140124.g004){ref-type="fig"}), indicating that the differences in protein expression are likely a result of splicing site selection changes, translational effects, or isoform specific degradation. Since 12S and 13S mRNA levels remained relatively steady after 24 hours in infected cells and inhibition of the proteasome restored 243R and 289R E1A protein expression ([Fig 4B](#pone.0140124.g004){ref-type="fig"}), it is not splicing but likely translational rates and protein stability that dictate levels of 289R and 243R E1A in infected cells. It is curious to observe high levels of 10S mRNA and the 171R E1A protein in the infected cell since this protein has previously been shown to supress virus growth \[[@pone.0140124.ref041]\]. Considering that E1A171R is abundant later on in the infection, but is not expressed early on, it is probable that the suppressive effects occur early during infection, when predominantly E1A289R and E1A243R are present. Indeed, E1A171R has been shown to interfere with the ability of E1A to induce S-phase and transform cells \[[@pone.0140124.ref041]\].

Viral late and structural proteins were expressed at lower levels in *dl*520-infected cells as compared to those infected with *dl*309 or *pm*975 ([Fig 3C](#pone.0140124.g003){ref-type="fig"}). Unexpectedly, certain late proteins were not detectable by standard western blot in *dl*520-infected cell lysates ([Fig 3C](#pone.0140124.g003){ref-type="fig"}). For example, Protein VII was undetectable in *dl*520-infected cells, despite high levels of viral mRNAs and high viral genome copy number. This was somewhat unexpected as this protein is essential for virus growth \[[@pone.0140124.ref042]\], it is likely that sufficient quantities of the protein were made to support virus replication but not enough to be detectable by standard western blot. Nevertheless, these observations suggest that E1A289R is required for full activation of viral late gene transcription. This is not unexpected, as we have previously observed recruitment of E1A to the viral major late promoter during infection \[[@pone.0140124.ref026]\]. It should be noted that we did not observe a dramatic decrease in GAPDH mRNA levels throughout the infection, although we did observe a slight drop (approximately equal to one Ct) very late in the infection (96 hours and later for *dl*309 and *pm*975, even later for *dl*520). Since most of our real-time data was analyzed during earlier time points (except for [Fig 4A](#pone.0140124.g004){ref-type="fig"}), this has little bearing on our findings. In fact, inhibition of *GAPDH* expression could be deleterious to the virus as this is an enzyme essential for glycolysis, which can provide energy required for virus growth. Therefore, it is logical to assume that the virus would be somewhat selective in the types of host genes shut off even late in infection, as observed for other genes earlier in infection \[[@pone.0140124.ref043], [@pone.0140124.ref044]\].

Previous studies \[[@pone.0140124.ref013], [@pone.0140124.ref021]\] have shown that *pm*975 is as efficient at inducing cellular DNA replication as *dl*309 in arrested fibroblasts, contrary to other studies where *pm*975 was shown to be deficient \[[@pone.0140124.ref030]\]. Induction of cellular DNA synthesis is a pre-requisite for viral DNA replication, despite the virus producing its own DNA polymerase. Analysis of viral genome replication showed that all viruses are capable of replicating their DNA, starting between 24 and 48 hours after infection, which was consistent with earlier reports for HAdV5 and HAdV2 \[[@pone.0140124.ref030], [@pone.0140124.ref031]\]. Interestingly, there was little difference in the time at which the viral genome began to replicate between the different viruses ([Fig 5](#pone.0140124.g005){ref-type="fig"}). This observation suggests that cellular intrinsic factors govern viral DNA replication, rather than extrinsic or virus-specific factors, such as levels of the viral DNA replication machinery. This proposition is further supported by our observations of earlier DNA replication in HT1080 cells \[[@pone.0140124.ref026]\], where DNA replication commenced between 10 and 20 hours after infection at similar m.o.i. HT1080 cells are transformed and continually growing, therefore their supply of cellular co-factors required for DNA replication is constantly high and does not restrict viral genome replication. Consequently, viral DNA replication will be initiated as soon as the virus is ready rather than when the cell is. In arrested IMR-90 cells the levels of viral DNA replication machinery may be sufficient for copying of viral DNA, but cellular environment may not be permissive.

To correlate viral genome replication with cellular S-phase specific genes we have examined the level of expression of three cellular genes that are strongly induced at the onset of S-phase \[[@pone.0140124.ref013]\]; *BLM*, *MCM4*, and *PCNA* ([Fig 6](#pone.0140124.g006){ref-type="fig"}). Induction of cellular genes correlated with the induction of viral DNA synthesis (Figs [5](#pone.0140124.g005){ref-type="fig"} and [6](#pone.0140124.g006){ref-type="fig"}). It is interesting to note that PCNA mRNA levels were elevated earlier ([Fig 6](#pone.0140124.g006){ref-type="fig"}), possibly due to its role in DNA damage response \[[@pone.0140124.ref045]\] that may be induced by unscheduled cellular DNA replication. We have also observed that PCNA mRNA levels decrease at 72 hours after infection, perhaps due to the same reasons as the observed early expression of *PCNA* during the infection. Although BLM has previously been implicated in double-strand DNA break repair \[[@pone.0140124.ref046]\], its mRNA levels did not decrease nor were they elevated early in infection. This may be due to the type of DNA damage response in which PCNA and BLM participate, where PCNA is largely involved in response to stalled replication forks (reviewed in \[[@pone.0140124.ref045]\]), while BLM participates in double-strand repair by unwinding DNA and recruitment of DNA2 \[[@pone.0140124.ref047]\]. It is possible that the former response is deleterious to viral DNA replication, while the latter is either beneficial or has no effect. Nevertheless, our results highlight the differences in how E1A isoforms contribute to the induction of cell-cycle specific genes during infection, showing that E1A289R is required for maximal expression. The higher induction of E2F-regulated genes by E1A289R may also be due to the more efficient induction of the viral E4 promoter driving expression of *E4 orf6/7* ([Fig 2](#pone.0140124.g002){ref-type="fig"}), which can independently induce E2F-regulated genes \[[@pone.0140124.ref048], [@pone.0140124.ref049]\].

Recently, E1A289R has not been the primary focus of E1A research. However, our previous work \[[@pone.0140124.ref012], [@pone.0140124.ref013], [@pone.0140124.ref016], [@pone.0140124.ref022]\] has clearly shown the importance of this isoform in the viral life cycle and induction of S-phase. We have examined how viruses expressing different E1A isoforms replicate in arrested human lung fibroblasts, highlighting critical differences. Specifically, viruses expressing E1A289R were considerably more efficient in carrying out the viral life cycle than *dl*520, lacking this isoform entirely. Importantly, replication of *dl*520 never reaches the same levels of viral yield as those observed for *dl*309 or *pm*975, suggesting a fundamental defect in the viral life cycle since initial virus input should not affect final virus output under ideal conditions (such as those seen in cell culture models as used here). Much remains to be discovered about the contribution that E1A289R makes to deregulation of cellular growth, but our studies have so far highlighted the differences in how this E1A isoform behaves compared to the others, providing greater understanding of deregulation of cellular growth by adenovirus.
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